Four different graphene films were synthesized via chemical vapor deposition by using acetonitrile with feed rates of 0.01, 0.02, 0.04, and 0.06 mL/min. Heterojunction solar cells were assembled by transferring as-synthesized graphene films onto -Si. Solar cells based on graphene samples produced at 0.01, 0.02, 0.04, and 0.06 mL/min demonstrate power conversion efficiencies of 2.26%, 2.10%, 1.02%, and 0.94%, respectively. When HNO 3 was used to dope the graphene films, the corresponding photovoltaic efficiencies were increased to 4.98%, 4.19%, 2.04%, and 1.74%, respectively. Mechanism for the improved efficiency of graphene/Si heterojunction solar cells was also investigated.
Introduction
The application of graphene in photovoltaics has attracted tremendous research interest due to its unique twodimensional structure [1, 2] , high light transmittance [3] , and excellent carrier mobility [4, 5] . Indium tin oxide (ITO) is a commercialized transparent electrode for solar cells [6] , but ITO suffers from many drawbacks, such as high cost, limited resource of indium and brittle textures [7] . It was shown that graphene could be a possible candidate for replacing ITO in organic solar cells [3, 8] . Furthermore, graphene also shows the potential to replace platinum (Pt) in dye-sensitized solar cells (DSSCs) [9, 10] . As is known, the role of Pt in DSSCs is to catalyze the reduction of I 3 − to I − at counter electrode [11] . However, Pt is very costly and has limited supply on the earth. Replacement of Pt by other inexpensive and abundant materials is also very important. Pt-free counter electrode was developed recently by using graphene supported nickel nanoparticles as catalyst, and the corresponding solar cell efficiency had an increase of 10% than that of Pt-based DSSCs [11] . In addition, graphene could also be used as an active layer for p-n junction and participate in the photo-carrier generation process [12] . Schottky junction solar cells had been assembled by transferring graphene onto various semiconducting substrates, such as Si [12] , CdS [13] , and CdSe [14] . A recent work showed that the initial efficiency of graphene/Si (G/Si) solar cell reached 1.9%, and it could be further improved to 8.6% by bis(trifluoromethanesulfonyl)imide [((CF 3 SO 2 ) 2 )NH] doping [15] .
Due to the simple design and efficient photovoltaic conversion, G/Si Schottky junction solar cells have attracted increasing interests and exciting progress has been achieved recently [16] [17] [18] . However, there are still many fundamental questions which need to be addressed. In particular, the influence of many factors on the performance of G/Si solar cells is still under investigation, such as chemical doping of graphene films [15, 19, 20] , the environment gas flow [21, 22] , and the thickness of graphene sheets [23] . Besides that, feed rate of hydrocarbon precursors is also an important factor in graphene synthesis [24, 25] . For example, our previous work has demonstrated that graphene and carbon films could be selectively synthesized by adjusting the feed rate of 2 Journal of Nanomaterials acetonitrile [24] . Many impurities and agglomerates could be observed on graphene surface if the feed rate of hydrocarbon precursor was not optimized [25, 26] . However, the effect of hydrocarbon precursor feed rate on the photovoltaic performance of graphene has been rarely investigated.
In this work, four graphene films were obtained at different acetonitrile feed rates (0.01, 0.02, 0.04, and 0.06 mL/min). G/Si heterojunction solar cells based on these graphene films demonstrate efficiencies of 2.26%, 2.10%, 1.02%, and 0.94%, respectively. Moreover, the respective efficiencies could be enhanced to 4.98%, 4.19%, 2.04%, and 1.74% upon HNO 3 treatment. It is clearly shown that high feed rate of acetonitrile plays a negative role in the photovoltaic performance of graphene, and the reason for that is discussed in detail.
Experiment

Synthesis of Graphene.
The experimental setup and procedure are described in detail elsewhere [24] . Cu foil is used as substrate, located in the middle of the quartz tube reactor, and gradually heated up to 900 ∘ C in an Ar (300 mL/min) flow. H 2 is introduced into the reactor as the temperature reaches 900 ∘ C, and the Cu substrate is annealed at 900 ∘ C for 1 h to homogenize the crystal grain. After that, the temperature is raised to 1000 ∘ C at a rate of 10 ∘ C/min. Then, acetonitrile is fed into the reactor at a given rate (0.01, 0.02, 0.04, or 0.06 mL/min) in an Ar (2000 mL/min)/H 2 (30 mL/min) flow for 5 min. When the feeding of acetonitrile is cut off, the Cu foil is quickly moved to the low-temperature region of the reactor to ensure fast-cooling rate.
Transfer of Graphene.
Samples of as-synthesized graphene on Cu foil were cut into pieces with sizes of ∼6 mm × 6 mm and then etched in a mixed solution of FeCl 3 /HCl. After the Cu was completely etched away, the graphene films were floating on the surface of FeCl 3 /HCl solution. Then, the graphene films were rinsed with deionized water for several times and transferred onto arbitrary substrate for characterization and device fabrication.
Characterization of Graphene.
Optical transmission spectra of graphene films were collected by a UV-2450 UV/vis optical spectrometer. The sheet resistance of the graphene films was measured using a four-probe resistivity test system. The morphologies of graphene samples were characterized by scanning electron microscope (SEM, JSM-6460 LV) and transmission electron microscope (TEM, JEOL-2010).
Solar Cell Device Assembly and Evaluation.
The details of the solar cell assembly can be found in our previous work [27] . In a typical process, as-synthesized graphene film (with Cu substrate) was cut into pieces and then etched in a mixed solution of FeCl 3 /HCl. After 2∼3 hours, the Cu substrate could be completely etched away at room temperature. The detached graphene film will float on the surface of the FeCl 3 /HCl solution. After being rinsed with deionized water for several times, the graphene film was transferred onto -type Si wafer (with a square window of 3 mm × 3 mm surrounded by insulating SiO 2 ) to construct a heterojunction solar cell. Ag paste and Ti/Au were used as top and back electrodes, respectively. The assembled solar cell devices were evaluated with a solar simulator (Newport, at AM 1.5, 100 mW/cm 2 ) and a Keithley 2400 SourceMeter.
Results and Discussion
The graphene samples produced at acetonitrile feed rate of 0.01, 0.02, 0.04, and 0.06 mL/min were labelled as AC-0.01, AC-0.02, AC-0.04, and AC-0.06, respectively. The transmission spectra of the graphene samples produced at different feed rates were shown in Figure 1 up to 90% at 550 nm wavelength. The sheet resistance of AC-0.01, AC-0.02, AC-0.04, and AC-0.06 is 1080, 1135, 1353, and 1415 Ω/sq, respectively. Raman spectra and high resolution TEM image (see Figure S1 in Supplementary Material available online at http://dx.doi.org/10.1155/2014/359305) were used to identify the layers of these samples, and the higher intensity of 2D-band than that of G-band in Figure S1 (a) proves the graphene films are mainly few-layer ones (about less than 3 layer), which is also confirmed by HRTEM image ( Figure S1(b) ). The graphene samples are highly transparent and conductive, making them appealing in G/Si heterojunction solar cell applications. G/Si heterojunction solar cells were assembled by transferring as-synthesized graphene films onto -type Si. A schematic diagram of the G/Si heterojunction solar cell is shown in Figure 1(b) . High purity silver paint is used to form ohmic contacts between graphene and silver wire, which is used as an electrode for electrical measurements. In this device, graphene films can act not only as the active part of Schottky junction, but also as the transparent anode electrode. A space-charge region accompanied by a builtin electric field is formed at the interface of graphene and -Si because of their work function difference. The photogenerated holes (h + ) and electrons (e − ) are driven by the built-in electric field into the graphene and -Si, respectively.
The current density ( ) versus voltage ( ) curves of solar cells based on the graphene films produced at different acetonitrile feed rates are shown in Figure 2 . The corresponding photovoltaic parameters, such as short circuit current density ( sc ), open circuit voltage ( oc ), filling factor (FF), and power conversion efficiency ( ), are listed in Table 1 . As shown in Table 1 , solar cells based on AC-0.01, AC-0.02, AC-0.04, and AC-0.06 demonstrate of 2.26%, 2.10%, 1.02%, and 0.94%, respectively. The of solar cells based on AC-0.01 and AC-0.02 shows comparable photovoltaic performance with previous report work about G/Si solar cells [12, 26, 28] . However, the efficiencies are still far from practical applications. HNO 3 was used to modify the graphene films and to enhance the photovoltaic performance of assembled solar cells. The assembled G/Si cells were placed above a vial containing fuming HNO 3 (65 wt%). The treatment time was fixed at 1 min, in case of corrosion of silver and underlying Si at longer time [19] . Upon HNO 3 treatment, the efficiencies of solar cells based on AC-0.01, AC-0.02, AC-0.04, and AC-0.06 could be increased to 4.98%, 4.19%, 2.04%, and 1.74%, respectively. That means the efficiencies of the G/Si solar cells almost doubled upon HNO 3 treatment, which accords with previous reported works [19, 28] . The corresponding photovoltaic parameters after HNO 3 treatment are also listed in Table 1 . The reasons why the efficiencies of G/Si solar cells could be enhanced by HNO 3 treatment are discussed as follows. Firstly, HNO 3 treatment could increase the work function of graphene film by -doping [19] . As it was demonstrated in our previous work, increasing the work function of graphene is beneficial for a larger oc of the G/Si Schottky junction [19, 29] . It can be seen from Table 1 , the oc of all the solar cells has an increase of ∼55 mV after HNO 3 treatment. Secondly, the conductivity of the graphene films could also be increased by HNO 3 treatment because ofdoping [19, 30] . The sheet resistance of AC-0.01, AC-0.02, AC-0.04, and AC-0.06 reduced from 1080 to 581 Ω/sq, from 1135 to 598 Ω/sq, from 1353 to 707 Ω/sq, and from 1415 to 744 Ω/sq, respectively. The enhanced conductivity of graphene film is good for the increase of sc and reducing the internal resistance ( ) of the solar cell. The increase of sc could be observed in solar cells based on AC-0.02, AC-0.04, and AC-0.06 (Table 1) . Interestingly, there is a slight decrease of sc in AC-0.01 solar cell (from 15.57 to 15.23 mA/cm 2 ), which might result from the slight corrosion of silver paint or silver wire. Thirdly, HNO 3 treatment could reduce the of the solar cell and improve the quality of the G/Si Schottky junction, resulting in larger FF.
Dark current density-voltage curves of the AC-0.01 solar cell before (black curve) and after (red curve) HNO 3 treatment are shown in Figure 3 the curves that the quality of the Schottky junction is improved by HNO 3 treatment. The diode ideality factor ( ) of the Schottky junction could be calculated by linear fit of ln( ) versus voltage, where is the dark current [31] . As shown in Figure 3(b) , the has been improved from 3.82 (without HNO 3 treatment) to 2.49 (upon HNO 3 treatment) for AC-0.01 solar cell, demonstrating the improvement of the Schottky junction quality [32] . The for AC-0.02, AC-0.04, and AC-0.06 solar cells is improved by HNO 3 treatment ( Figure S2 ). In addition, a linear fit of dV/d(ln ) versus gives the of the Schottky junction [12] . As to AC-0.01 solar cell, the has dropped from 67.6 Ω in the pristine cell to 51.1 Ω in the HNO 3 -treated cell, as shown in Figures 3(c)  and 3(d) . The for the other three cells is also reduced by HNO 3 treatment ( Figure S3 ). The improvement of the Schottky junction quality and the decrease of are beneficial to the improvement of FF, which can be seem from Table 1 , where The FF of all the cells was enhanced by the HNO 3 treatment.
From Table 1 (Figure 4(c) ); while the agglomerates on the surface of AC-0.06 are irregularly shaped particles (Figure 4(d) ). The photovoltaic performance difference of the G films might be due to the irregularly shaped agglomerates.
As can be seen from Table 1 , the photovoltaic performance difference between AC-0.04, AC-0.06 and AC-0.01, AC-0.02 mainly results from their difference in sc and FF. The diode ideality factor of AC-0.02, AC-0.02-HNO 3 , AC-0.04, AC-0.04-HNO 3 , AC-0.06, and AC-0.02-HNO 3 is 3.87, 2.68, 4.12, 3.41, 4.57, and 3.69, respectively, as shown in Figure S3 . The of AC-0.02, AC-0.02-HNO 3 , AC-0.04, AC-0.04-HNO 3 , AC-0.06, and AC-0.06-HNO 3 is 70.6, 57.2, 82.9, 63.2, 136.6, and 79.2 Ω, respectively, as shown in Figure S2 . The diode ideality factor and of AC-0.04 and AC-0.06 are much poorer than these of AC-0.01 and AC-0.02, resulting in their lower FF. Our results are in agreement with previous report work that impurity on graphene surface results in poor diode behavior [33] . Graphene film also acts as a transparent electrode in our G/Si Schottky junction solar cells. As mentioned above, higher feed rate graphene samples show lower visible light transmittance and larger sheet resistance, which are supposed to be caused by the impurities on their surface. Moreover, reduced light absorption and poor sheet resistance are harmful for the generation and transport of charge carriers; thus, the sc of AC-0.04 and AC-0.06 is lower than that of AC-0.01 and AC-0.02. It is shown that agglomerates on graphene surface show a negative effect on graphene conductivity and the of G/Si solar cells, resulting in poor photovoltaic performance. Generally, optimization of the hydrocarbon precursor feed rate plays a vital role in photovoltaic application and improvement of graphene films.
Conclusion
In summary, effect of acetonitrile feed rate on the growth and photovoltaic performance of graphene films was investigated. Graphene/Si solar cells based on graphene films produced with feed rates of 0.01, 0.02, 0.04, and 0.06 mL/min demonstrate efficiencies of 2.26%, 2.10%, 1.02%, and 0.94%, respectively. The respective efficiencies increased to 4.98%, 4.19%, 2.04%, and 1.74% upon HNO 3 treatment. The efficiency improvement by HNO 3 treatment is mainly due to the increase of the graphene work function and the decrease of the internal resistance. Graphene samples synthesized with high feed rate show poor photovoltaic performance, due to the coexistence of many impurities on their surface, which show a negative effect on the diode ideality factor and the internal resistance of the Schottky junctions and thus lead to low filling factors. Our results indicate that controlling feed rate of hydrocarbon precursor is an effective way for tailoring the morphologies and photovoltaic properties of graphene, which will open up opportunities for facilitating their applications in many fields, such as energy conversion/storage devices, catalyst support, sensors.
